Background Blood transfusion might aff ect long-term mortality by changing immune function and thus potentially increasing the risk of subsequent infections and cancer recurrence. Compared with a restrictive transfusion strategy, a more liberal strategy could reduce cardiac complications by lowering myocardial damage, thereby reducing future deaths from cardiovascular disease. We aimed to establish the eff ect of a liberal transfusion strategy on long-term survival compared with a restrictive transfusion strategy.
Introduction
In recent years, substantial progress has been made in our understanding of the eff ect of blood transfusion on clinical outcomes. Several published clinical trials mostly show that a restrictive transfusion strategy with a haemoglobin concentration threshold of 70-80 g/L is safe, 1, 2 and in one case superior, 3 to a liberal transfusion strategy with a threshold of 90-100 g/L. These trials have focused on short-term outcomes such as 30-day mortality and infection complications. However, transfusion is thought to have long-term consequences related to changes in immune function. These eff ects have been postulated to increase the risk of subsequent infections and cancer. 4, 5 Thus, transfusion could possibly increase the rate of long-term mortality by increasing the frequency of two of the most common causes of death: infections and cancer. Alternatively, a more liberal transfusion strategy might reduce cardiac complications 2, 6 by reducing short-term clinical or subclinical myocardial damage by increasing oxygen delivery to the heart, which could have long-term health implications.
We did secondary analyses of our previously published randomised clinical trial Transfusion Trigger Trial for Functional Outcomes in Cardiovascular Patients Undergoing Surgical Hip Fracture Repair (FOCUS). 7 A full list of the investigators who worked on the FOCUS trial is available in the appendix. The aim of our analyses was to establish the eff ect of a liberal red blood cell transfusion strategy on long-term survival (with median follow-up of 3 years) compared with a restrictive transfusion strategy. When gathering the mortality data, we recognised that information about cause of death could be obtained, so we planned and undertook an additional analysis of cause of death before we examined the results by transfusion group. Our hypotheses were that compared with a restrictive transfusion strategy, liberal transfusion might reduce long-term mortality and cardiovascular deaths but could increase the risk of death from infections and cancer. To our knowledge, this clinical trial is the fi rst to assess the long-term eff ects of blood transfusion.
Methods

Study design and participants
For this randomised controlled trial, participants were recruited from 47 hospitals across the USA and Canada. Patients aged 50 years and older with a haemoglobin concentration lower than 100 g/L within 3 days after undergoing surgery to repair a hip fracture, and a history of cardiovascular disease or risk factors for cardiovascular disease, were eligible for enrolment into the study. We defi ned cardiovascular disease as history of coronary artery disease, congestive heart failure, stroke, or peripheral vascular disease. We defi ned cardiovascular risk factors as history of diabetes mellitus, hypertension, hypercholesterolaemia, smoking, or creatinine concentration of 2 mg/dL or higher. In the original protocol, only patients with cardiovascular disease were eligible for inclusion. On Nov 17, 2005 , the Director of the National Heart, Lung, and Blood Institute approved the data safety monitoring board's recommendation to expand the eligibility criteria to improve recruitment by including patients with cardiovascular risk factors. We excluded patients from the study if they were unable to walk independently before the hip fracture (although use of an assistive device was allowed), refused red blood cell transfusion, had a myocardial infarction within the preceding 30 days, were actively bleeding, or if the hip fracture was the result of multiple trauma (ie, patients also required surgery at a site other than the hip). We used a central telephone system to randomly assign consenting patients in a 1:1 ratio to either the liberal transfusion strategy (transfusion to maintain a haemoglobin level ≥100 g/L) or restrictive transfusion strategy (transfusion for symptoms of anaemia or at the doctor's discretion if the patient had a haemoglobin concentration <80 g/L). The assigned transfusion strategy was followed during the hospital stay (for up to 30 days). Symptoms of anaemia for which transfusion was allowed were chest pain thought to be cardiac in origin, symptoms and signs of congestive heart failure, or hypotension or tachycardia unresponsive to fl uid challenge. We collected detailed information including baseline clinical status, red blood cell transfusion, morbidity, and mortality during the hospital stay (for up to 30 days). We ascertained functional status and vital status at 30 and 60 days by telephone query, which was done by nurses at the clinical coordinating centre who were masked to treatment assignment. The Data Coordinating Center at the University of Maryland (MD, USA) prepared randomisation schedules for each site with use of randomly ordered permuted block sizes of two, four, six, or eight. After random allocation, treatment assignment was not masked, but ascertainment of mortality and cause of death was assessed by investigators who were masked to group assignment. The full details of the trial, including short-term mortality up to 60 days, have previously been published. 7, 8 The trial was approved by institutional review boards or ethics committees at all the hospitals and monitored by the data and safety monitoring boards. All participants, or a member of their family, provided written informed consent.
Procedures
To ascertain long-term survival, we identifi ed deaths that occurred by linking the study participants to national mortality registries that are maintained by both the USA and by Canada. All deaths that occur in the USA are reported to the National Center for Health Statistics National Death Index by the vital statistics offi ces of each individual state. 9 The National Death Index database is updated annually once the successive calendar year data become available. Similarly (2009), an online database of deaths that had been reported to the Social Security Administration was publicly available. The identifi ers for each participant recruited within the USA were compared against those in the database and deaths that matched to the study participants were identifi ed. In Canada, where no such centralised databases were available, each site searched hospital records and locally available databases and identifi ed deaths for their patients. Deaths detected through this process, including those that occurred after the 60-day follow-up, were recorded.
To ascertain the fi nal long-term mortality, deaths identifi ed from the registry matches were compared with those detected by the vital status verifi cation during the overlapping search periods. A death that was identifi ed through the earlier verifi cation procedure but not matched to a death fi le in the registry linkage was retained as a true death. Thus, the fi nal measure of long-term survival included the deaths identifi ed by the systematic search of the national registries and the additional deaths that were identifi ed by the verifi cation process. We calculated survival as the number of days from randomisation to death or, in the absence of a death, to the last day of the calendar year for which the registry data were complete.
The registries provided underlying cause of death for each identifi ed death in accordance with WHO criteria. 10 We grouped the specifi c underlying causes into seven categories: cardiovascular disease, cancer, infection, stroke, dementia, pulmonary, and others.
Statistical analysis
In this study, we analysed long-term mortality, which was a prespecifi ed secondary endpoint of the original FOCUS trial. When gathering the mortality data, we recognised that cause of death information could also be obtained. This additional analysis was then planned and conducted before we examined the results by transfusion group.
We compared survival time between the two transfusion treatment strategies using the unadjusted log-rank test, and we used Cox proportional hazard models to obtain hazard ratios. We fi rst did an unadjusted Cox model with treatment group as the only independent variable. We confi rmed that the hazards are proportional in a model in which a time-dependent product term between transfusion strategy (liberal vs restrictive) and time was included in the models. Proportionality is also visually apparent by examination of the survival curves. This fi nding was replicated when we used log-transformed time. We then did a second adjusted proportional hazards model that included an a-priori list of potentially confounding variables (sex, age, coronary artery disease, congestive heart failure, stroke, peripheral vascular disease, diabetes mellitus, hyper tension, creatinine concentration ≥2·0 mg/dL, American Society of Anesthesiologists risk score, chronic lung disease, cancer, dementia, nursing home residence, clinical site, and country) to ensure that randomisation had accurately isolated the treatment eff ect. We assessed the homogeneity of transfusion group eff ect across prespecifi ed subgroups with Cox 
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Results
Between July 19, 2004 , and Feb 28, 2009, we assessed 14 438 patients for eligibility and enrolled 2016 patients from 47 sites in the USA and Canada into the trial (fi gure 1). 1222 of these patients were enrolled at sites in the USA, nine of whom withdrew from the study and were excluded from the analysis population. Another three patients were visitors to USA from other countries at the time of the hip fracture. Long-term survival for these individuals was censored at 60 days since the National Death Index would not capture deaths that occur in their home countries. For one patient, the site provided a date of death but did not provide the necessary personal identifi ers to do a mortality search. The National Death Index database was complete through Dec 31, 2010, at the time of the registry search for the remaining 1209 patients from the USA. Of the 551 deaths in these 1209 American patients, 545 (99%) were identifi ed by the National Death Index search. Six deaths occurred that were identifi ed only in the social security database.
Of the 794 patients enrolled in Canada, fi ve withdrew from the study and were excluded from the study population. Two patients who were not Canadian had long-term survival censored at 60 days. The site provided a date of death for two patients but did not submit the necessary personal identifi ers to enable us to do a registry search. The Statistics Canada Mortality Database, which has a longer lag time than the National Death Index, was complete through to Dec 31, 2009, for the remaining 785 patients from Canada. Of the 287 deaths in these 785 Canadian patients, 284 (99%) were identifi ed by a Statistics Canada Mortality Database search. Three deaths were identifi ed only by site report.
The total population of 2016 enrolled patients had a mean age of 81·6 years (range 51-103 years), 1527 (76%) were women, and 1268 (63%) had cardiovascular disease. Baseline characteristics and clinical status were similar between the two groups (table 1). The mean pre-transfusion haemoglobin concentration was 92 g/L (SD 5) in the liberal transfusion strategy group and 79 g/L (SD 6) in the restrictive transfusion strategy group. The number of units of red blood cells transfused post-randomisation in the liberal transfusion strategy was 2·9-times larger than that in the restrictive transfusion strategy (table 1; p<0·0001). 970 (97%) patients in the liberal transfusion strategy group received post-randomisation blood transfusions, whereas 413 (41%) patients in the restrictive transfusion strategy group received post-randomisation transfusions and 593 (59%) received transfusions either pre-randomisation or post-randomisation. Transfusion status was missing for four patients in the liberal strategy group and two in the restrictive strategy group. 2234 (90%) of the 2489 units of blood transfused post-randomisation were leukoreduced.
We established long-term survival for 2002 (99%) of the overall study population, of whom 999 were randomly allocated to the liberal transfusion strategy and 1003 to the restrictive transfusion strategy. 841 (42%) of this study population died during the long-term follow-up period. Median follow-up was 3·1 years (IQR 2·4-4·1) overall, 3·6 years (2·7-4·4) for the USA, and 2·6 years (1·9-3·3) for Canada. In the American patients, 281 (46·4%) deaths occurred in the liberal treatment group and 271 (44·6%) deaths occurred in the restrictive group. In the Canadian patients, 151 (38·3%) deaths occurred in the liberal group and 138 (34·9%) in the restrictive group.
Long-term mortality did not diff er signifi cantly between the two treatment groups. 432 (43·2%) of 999 patients died in the liberal transfusion strategy group and 409 (40·8%) of 1003 died in the restrictive strategy group (hazard ratio 1·09 [95% CI 0·95-1·25], p=0·21 by the log-rank test; fi gure 2). The results were unchanged in the adjusted model that compared the liberal and restrictive transfusion strategies (hazard ratio 1·04 [95% CI 0·91-1·20], p=0·56). The hazard ratio of death between the two transfusion groups was consistent across all subgroups assessed (table 2) . The cause of death was obtained for the 829 deaths identifi ed from the registry searches (98·6% of the total 841 deaths). The most common cause of death was cardiovascular disease, which was the cause in about a third of patients who died (table 3). The cause of death did not diff er between the transfusion strategies (p=0·99); the proportion of deaths from cardiovascular disease, cancer, and infections were nearly identical in the two groups of the trial.
Discussion
We did a clinical trial comparing transfusion strategies in more than 2000 elderly patients with substantial comorbidity undergoing hip fracture surgery. Long-term mortality did not diff er signifi cantly between patients receiving transfusion to maintain haemoglobin concentration higher than 100 g/L (liberal transfusion strategy) versus those who received transfusion to Data are n (%). Table 3 : Underlying primary cause of death overall and by transfusion strategy maintain haemoglobin level higher than 80 g/L or because of anaemia symptoms (restrictive transfusion strategy). Furthermore, no evidence suggested that the transfusion strategy used aff ected the cause of death. We did not fi nd that patients receiving liberal (more) transfusion had more deaths from infections or cancer, or fewer deaths from cardiac disease, than those who received restrictive transfusion. These results do not support hypotheses that transfusion is harmful and leads to long-term immunosuppression that is severe enough to aff ect mortality from infection or cancer, or that transfusion reduces cardiac complications by increasing oxygen supply to vulnerable myocardium and thus reduces deaths from cardiovascular disease. Previous studies linking blood transfusion to increased infection and cancer recurrence have reported inconsistent fi ndings. Many experimental studies show changes in immune function, including reduced production of cytokines, and reduced numbers of CD4 helper cells, natural killer cells, transforming growth factor beta, iron, and other factors. 5, 11, 12 However, clinical studies have been inconsistent in linking transfusion with cancer recurrence. [13] [14] [15] [16] [17] A meta-analysis of observational studies in colon cancer showed an association between transfusion and cancer recurrence and mortality. 15 By contrast, two recent studies in prostate cancer showed no association between transfusion and outcome. 16, 17 The strongest evidence linking transfusion to infection comes from a meta-analysis of clinical trials comparing liberal versus restrictive transfusion that showed an increased risk of serious infections in the liberal transfusion group. 18 We did not record an association with infection in the FOCUS trial. Why the meta-analysis showed an association between liberal transfusion and infection and this analysis did not is unclear. One possible explanation is that transfusion might increase the risk of infection but the infections are not suffi ciently severe to cause death.
To our knowledge, no previous clinical trials of red blood cell transfusion have assessed long-term mortality or cause of death (panel). However, some observational studies have analysed long-term mortality in transfused patients compared with those not transfused. [19] [20] [21] [22] [23] Similar to most observational studies analysing short-term outcomes, these studies consistently reported a raised risk of long-term mortality in the patients who had transfusions compared with those who did not. In many of these studies, investigators attempted to control for diff erences between patients transfused and those not transfused by using statistical methods such as propensity scores. However, such techniques might not be able to control for all the risk factors for mortality and morbidity. Thus, randomised clinical trials are the best way to provide an unbiased assessment of the eff ect of blood transfusion on clinical outcomes such as death.
Our randomised clinical trial has several strengths and some potential weaknesses. We enrolled more than 2000 vulnerable elderly patients with a high prevalence of comorbidities. In view of the high death rate in this population, if clinically meaningful adverse eff ects of blood transfusion on mortality are present, they should be demonstrable. Our trial methods minimised bias by using a central randomisation to protect concealment, masking for assessment of deaths and causes of death, and had almost complete follow-up. Compliance with the protocol was excellent. 7 The mortality databases from both the USA and Canada have low error rates 24, 25 and we verifi ed deaths using the social security database in the USA and hospital records in Canada. These results are likely to be generalisable to elderly patients with cardiovascular disease and risk factors undergoing surgery.
The liberal transfusion strategy received nearly three-times as many red blood cell transfusions post-randomisation as did the restrictive transfusion strategy. This large diff erence in blood use between the two groups of the trial is clinically signifi cant and provides an excellent test of the hypothesis, although more than half of the patients in the restrictive transfusion strategy group received transfusions. We did not compare the outcomes of patients receiving
Panel: Research in context
Systematic review
We updated the systematic review done in 2011 for a Cochrane review to compare clinical outcomes in patients randomly assigned to restrictive versus liberal blood transfusion thresholds (triggers for transfusion). 1 We further assessed any subsequently published trials by searching for clinical trials comparing transfusion thresholds in the Cochrane Central Register of Controlled Trials, Ovid Medline, and ISI Web of Science: Science Citation Index Expanded from 2010 to 2014. The original search strategy is detailed on page 68 of the Cochrane review. 1 The primary outcome of interest in our searches was long-term mortality and cause of death.
Interpretation
In our searches, we identifi ed a total of nine additional trials comparing transfusion thresholds but no other trials assessed mortality beyond 180 days. Most trials analysed mortality up to 30 days, and none assessed cause of death. In the original meta-analysis, 1 restrictive transfusion strategies were associated with a statistically signifi cant reduction in hospital mortality (risk ratio 0·77 [95% CI 0·62-0·95]) but not 30-day mortality (0·85 [0·70-1·03]). The FOCUS trial is the largest study done so far and showed no statistically signifi cant diff erence in long-term mortality between the liberal transfusion strategy and the restrictive transfusion strategy, even with consideration of the underlying cause of death (cardiovascular disease, cancer, or infection). This study diff ers from the trials identifi ed in our systematic review because it is the fi rst to assess long-term mortality and cause of death. Our results suggest that liberal transfusion does not increase the risk of death over a median follow-up of 3·1 years and does not aff ect the cause of death.
transfusion versus those in patients not receiving transfusion or by number of units of blood (dose response) because this would break randomisation and might lead to a biased assessment of outcomes because of reverse causality from the most ill patients selectively receiving more blood. 7 Although this trial included more than 2000 patients, we might have missed a small increase in long-term mortality from transfusion because the sample size was too small. The upper 95% CI of the unadjusted and adjusted Cox proportional hazards models suggests that we are 95% certain to have excluded a 20-25% or higher rate of death but we might have missed smaller eff ects. The classifi cation of cause of death might have been incorrect in some cases even though we used a widely applied WHO algorithm based on death certifi cate data to establish the cause of death. However, modest misclassifi cation would be unlikely to diff er by treatment group or change the results in view of how similar the causes of death were in the two groups of the trial. It is also possible that median follow-up of 3 years is not suffi ciently long to detect a latent eff ect of transfusion on risk of cancer and this adverse eff ect of transfusion might be detected in a younger or healthier population of patients who do not have as many competing causes of death as our elderly patients.
In summary, we recorded no evidence to suggest that a liberal transfusion strategy has a moderate adverse eff ect on long-term mortality or aff ects cause of death. Alternative pathophysiological mechanisms should be sought for the apparent increased risk of death in some populations of patients.
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